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The herpes simplex virus (HSV) genome rapidly becomes associated with histones after injection into the
host cell nucleus. The viral proteins ICP0 and VP16 are required for efficient viral gene expression and have
been implicated in reducing the levels of underacetylated histones on the viral genome, raising the possibility
that high levels of underacetylated histones inhibit viral gene expression. The U2OS osteosarcoma cell line is
permissive for replication of ICP0 and VP16 mutants and appears to lack an innate antiviral repression
mechanism present in other cell types. We therefore used chromatin immunoprecipitation to determine
whether U2OS cells are competent to load histones onto HSV DNA and, if so, whether ICP0 and/or VP16 are
required to reduce histone occupancy and enhance acetylation in this cell type. High levels of underacetylated
histone H3 accumulated at several locations on the viral genome in the absence of VP16 activation function;
in contrast, an ICP0 mutant displayed markedly reduced histone levels and enhanced acetylation, similar to
wild-type HSV. These results demonstrate that U2OS cells are competent to load underacetylated histones onto
HSV DNA and uncover an unexpected role for VP16 in modulating chromatin structure at viral early and late
loci. One interpretation of these findings is that ICP0 and VP16 affect viral chromatin structure through
separate pathways, and the pathway targeted by ICP0 is defective in U2OS cells. We also show that HSV
infection results in decreased histone levels on some actively transcribed genes within the cellular genome,
demonstrating that viral infection alters cellular chromatin structure.

Herpes simplex virus (HSV) is a double-stranded DNA virus
that undergoes productive replication in the nucleus of in-
fected cells. The linear genome is packaged into a nucleocapsid
that is released into the cytoplasm upon fusion of the viral and
host cell membranes. Also released are the preformed tegu-
ment proteins, which play important roles in counteracting
host defenses and stimulating viral gene expression. The teg-
ument protein VP16 acts to stimulate immediate-early (IE)
gene expression through the recruitment of general transcrip-
tion factors and RNA polymerase II to the IE promoters (30,
73), launching the temporal cascade of gene expression.

The HSV genome is thought to be complexed with the
polyamine spermine within virions (9, 25, 58). Upon injection
into the nucleus, the genome associates with host histones (32,
33, 38, 46), most likely in a form involving the four core his-
tones (22, 46), and at a density significantly less than that of
cellular chromatin (22, 32, 46). Nucleosomes are the basic
repeating units of chromatin comprised of �146 bp of DNA
wrapped around a histone octamer composed of two copies of
each of the four core histone proteins (H2A, H2B, H3, and
H4). The structure of chromatin can be altered both by post-

translational modifications of histones and through ATP-de-
pendent remodeling of the nucleosomes (42).

Chromatin remodeling involves eviction or sliding of nucleo-
somes along the DNA template, increasing the accessibility of
the DNA to other interacting proteins. These processes re-
quire specific chromatin remodeling complexes that hydrolyze
ATP and are recruited to the DNA through covalent modifi-
cations of histones (64), which includes acetylation, methyl-
ation, phosphorylation, and ubiquitination. How each histone
modification influences gene expression is not yet fully under-
stood (35), but some marks have been generally linked to
transcriptional outcomes. For example, histone acetylation
correlates with transcriptional activation, and histone methyl-
ation correlates with either activation or silencing depending
on which residue within the histone is methylated (42). Acet-
ylation is thought to relax the interactions between histones
and DNA by altering the net charge of the nucleosome (23)
and additionally enhances transcription by recruiting chroma-
tin remodeling complexes (31, 37). Modified histones provide
docking sites for proteins that contain specific interaction mo-
tifs. For example, bromodomain-containing proteins bind to
acetylated histones, while chromodomain-containing proteins,
such as the heterochromatin-associated protein HP1, bind to
histone H3 trimethylated at lysine 9 (42).

During latent HSV infection the nucleosomes on the viral
genome are arranged in a regular repeating pattern similar to
cellular chromatin (12). The histones bound to most regions of
the genome display features characteristic of transcriptionally
silent chromatin, such as reduced acetylation, increased levels
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of H3K9 di- and trimethylation (73) and H3K27 trimethylation
(7, 48), and the presence of the histone variant macroH2A
(48). The exceptions are the histones found within the pro-
moter and 5� region of the latency-associated transcript (LAT),
which bear activating marks such as acetylation of histone H3
lysine 9 and 14 (H3K9/K14Ac) (43, 44, 73). LATs are the only
transcripts expressed in latently infected neurons (68, 69), and
these observations therefore suggest that covalent histone
modifications play an important role in regulating HSV gene
expression during latency.

In contrast to latency, during productive infection the his-
tones are arranged on the viral genome in an irregular, non-
repeating pattern (49, 56). As assessed by chromatin immuno-
precipitation (ChIP), histone occupancy is often significantly
lower than on the cellular genome (46), although the levels
depend on the multiplicity of infection (MOI) used (8). Accu-
mulating evidence suggests that histone modifications may play
an important role in regulating HSV gene expression during
productive infection (reviewed in references 40 and 47). For
example, marks correlating with active transcription, such as
H3K9/K14Ac and H3K4 trimethylation, are found within pro-
moters of actively transcribed viral genes (32, 33, 44). The
histone methyltransferase Set1 is important in maintaining the
H3K4 trimethylation modification on the viral genome, and
viral transcription and replication are inhibited when Set1 lev-
els are knocked down by small interfering RNAs (siRNAs).
(33). In addition, knocking down the expression of HIRA, a
chaperone for the histone H3 variant H3.3, results in de-
creased association of histone H3.3 with the viral genome and
decreased viral transcription and replication (59). These re-
sults are consistent with the idea that HIRA actively loads H3.3
onto the viral genome and that viral gene expression is en-
hanced by this histone variant.

Extensive studies into the mechanism of action of the acidic
activation domain (AD) of VP16 in heterologous systems have
revealed that it recruits general transcription factors, RNA
polymerase II, histone acetyltransferases (HATs), and ATP-
dependent chromatin remodeling complexes to promoters (32,
39, 41, 52, 54, 72, 74), and ChIP experiments indicate that the
AD also recruits these proteins to viral IE promoters during
productive HSV infection (32).

The AD has also been implicated in preventing the deposi-
tion, or enhancing the removal, of histones from viral IE pro-
moters (32, 46): histone occupancy is higher on a VP16 AD
mutant genome than on the wild-type genome (46). However,
the biological significance of these effects of VP16 on viral
chromatin structure has been called into question by two re-
cent findings. First, knocking down expression of HATs or
chromatin remodeling complexes via siRNAs (either singly or
in combination) has no detectable effect on viral IE gene ex-
pression in cultured cells (45). Second, HSV-2 superinfection
of cells harboring a silent HSV-1 VP16 AD mutant virus acti-
vated transcription from the mutant genome without reducing
histone levels or increasing histone acetylation (46). This latter
observation raises the possibility that once histones are loaded
onto the VP16 AD mutant genome they are refractory to
subsequent removal or acetylation and suggests that they do
not preclude viral gene expression.

The IE protein ICP0 has also been implicated in regulating
chromatinization of the viral genome. Cliffe and Knipe dem-

onstrated that the genome of an ICP0-null mutant displays
higher levels of bound histone H3 and reduced H3 acetylation
compared to wild-type virus during a low-multiplicity infection
of HeLa cells (8). Consistent with these results, Ferenczy et al.
demonstrated that a viral mutant that expresses only ICP0
displays lower histone occupancy and higher histone acetyla-
tion levels than a mutant expressing no viral genes (22). ICP0
has been shown to dissociate histone deacetylases (HDACs) 1
and 2 from the CoREST/REST/HDAC repressor complex (26,
27) and interacts with HDACs 5, 6, and 7 (50), suggesting a
direct role in modulating the acetylation of histones bound to
the viral genome. Whether these activities contribute to the
ability of ICP0 to stimulate transcription of all classes of viral
genes (3, 4, 13–15, 24, 36, 57, 62, 65, 70) remains to be deter-
mined.

HSV mutants lacking ICP0 or the activation function of
VP16 share several phenotypic similarities, including a much
higher than normal particle/PFU ratio and lower levels of IE
gene expression upon low-multiplicity infection of many cell
types (1, 4, 14, 66, 70). The phenotype of such mutants varies
between cell types, with the most restrictive being primary
human fibroblasts (15). After infection of nonpermissive cells,
the viral genome is retained in a transcriptionally silent, extra-
chromosomal state (1, 15, 29, 30, 34, 60, 61, 63, 65, 70). Such
quiescent genomes are actively repressed, as shown by the
finding that heterologous promoters embedded within them
are also silenced (34, 53, 61, 65). However, quiescent genomes
can be efficiently reactivated by ICP0 provided in trans (29, 30,
34, 60, 61, 65, 70). The histones bound to quiescent genomes
are underacetylated, enriched in H3K9 methylation, and com-
plexed with heterochromatin-associated protein HP1, all clas-
sical marks of transcriptional repression (10, 22). After ICP0-
mediated derepression, histone acetylation increases markedly
(10), suggesting one role of ICP0 in reactivation of quiescent
genomes may be to alter histone modifications.

Although VP16 and ICP0 mutants display severely restricted
gene expression profiles in many cell types, the activation func-
tions of these proteins are largely dispensable in the human
osteosarcoma cell line U2OS (66, 75). We previously provided
evidence that the permissive phenotype of U2OS cells stems
from defects in an innate antiviral repression mechanism that
is present in other cell types (28). We further suggested that
the defect might inactivate a chromatin assembly pathway
that incorporates newly delivered viral genomes into repressive
chromatin. We therefore used ChIP assays to determine
whether U2OS cells are competent to load histones onto HSV
DNA and, if so, whether ICP0 and/or VP16 are required to
reduce histone H3 occupancy in this cell type. Our results
clearly indicate that U2OS cells are able to load high levels of
underacetylated histones onto viral DNA in the absence of
VP16 activation function. However, in contrast to the situation
in HeLa cells, ICP0 does not appear to regulate histone H3
levels or acetylation on the viral genome in this cell line.

MATERIALS AND METHODS

Cells and viruses. HeLa cervical carcinoma and U2OS osteosarcoma cells
were obtained from the American Type Culture Collection and maintained in
Dulbecco modified Eagle Medium supplemented with 10% fetal bovine serum,
50 U of penicillin/ml, and 5 �g of streptomycin/ml.

HSV-1 strains KOS, n212 (lacking the activation function of ICP0 [5]), and
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V422 (lacking the activation function of VP16 [66]) were grown on U2OS cells,
and titers were determined on the same cell type. V422 stocks were grown in the
presence of 3 mM hexamethylene bis-acetamide (HMBA; Sigma). Cell-free virus
harvested from culture medium was used in all experiments.

Viral infections were performed using standard procedures. At 1 h after
infection at 37°C, the cells were washed once with phosphate-buffered saline
(PBS) and then twice with a low-pH buffer (40 mM citric acid, 10 mM KCl, 135
mM NaCl [pH 3.0]) for 30 s to inactivate or remove any bound virus that had not
penetrated the cells. Cells were then washed twice with growth medium, and
growth medium containing 300 �g of phosphonoacetic acid (PAA)/ml was added
back to the cultures. For experiments using cycloheximide, 60 �g of the protein
synthesis inhibitor/ml was added during at the time of infection and re-added
after the acid washes.

In all experiments, the input doses of n212 and V422 were adjusted to give rise
to the same levels of viral DNA as 1 PFU of KOS at 3 h postinfection (hpi; in the
presence of PAA). The appropriate MOIs (which ranged from 0.875 to 1.1) were
determined by infecting cells with 1 PFU/cell of each virus for 3 h and harvesting
the total cellular DNA as per the ChIP protocol (up to and including the
sonication step; see below). The amount of viral DNA in each sample was then
assessed by real-time PCR using primers specific for the ICP27 gene.

ChIP and real-time PCR. ChIP was performed as described previously (8).
Briefly, 3 � 106 HeLa or U2OS cells were grown in 100-mm dishes and infected
as described above. Cells were fixed by the addition of formaldehyde to a final
concentration of 1% for 10 min. Cross-linking was halted by the addition of 125
mM glycine for 5 min. Cells were washed with PBS, resuspended in 1% sodium
dodecyl sulfate (SDS) lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris [pH
8.1]), left for 10 min on ice, and diluted threefold with radioimmunoprecipitation
assay (RIPA) buffer (0.1% SDS. 1% sodium deoxycholate, 150 mM NaCl, 10 mM
Na2PO4, 2 mM EDTA, 1% NP-40). Samples were sonicated with a model 550
Fisher Scientific sonic dismembrator using 20-s pulses to obtain DNA frag-
mented to 200 to 500 bp. Samples were diluted threefold with RIPA buffer and
precleared with protein A-agarose/salmon sperm DNA (Millipore) for 1 h. Pro-
tein-DNA complexes were immunoprecipitated with 5 �g of anti-histone H3
antibody (ab1791; Abcam) or 10 �g of anti-acetyl-histone H3 antibody (Millipore
catalog no. 06-599) overnight. Immune complexes were collected by incubation
with protein A-agarose/salmon sperm DNA for 30 min, followed by washes with
low-salt (150 mM NaCl, 20 mM Tris [pH 8.1], 2 mM EDTA, 1% Triton X-100,
0.1% SDS), high-salt (500 mM NaCl, 20 mM Tris [pH 8.1], 2 mM EDTA, 1%
Triton X-100, 0.1% SDS), and LiCl (0.25 M LiCl, 1% NP-40, 1% sodium
deoxycholate, 1 mM EDTA, 10 mM Tris [pH 8.1]) buffers and then two washes
with TE (10 mM Tris [pH 7.5], 1 mM EDTA). Protein-DNA complexes were
eluted in 200 �l of elution buffer (1% SDS, 0.1 M NaHCO3) warmed to 65°C,
rotated for 15 min at room temperature, incubated for 15 min at 65°C, and
rotated for another 15 min at room temperature. Eluates were incubated at 65°C
for at least 4 h in the presence of 200 mM NaCl and 1 �g of RNase A. DNA was
isolated by using a Qiagen PCR purification kit and eluted in 100 �l of H2O.

PCRs (10 �l) were prepared by using 2 �l of DNA, 1.6 �M concentrations of
each primer (Table 1), and 2� Sybr green Mix (20 mM Tris [pH 8.3], 100 mM
KCl, 6 mM MgCl2, 1.6% glycerol, 0.02% Tween 20, 4% dimethyl sulfoxide, 0.4
mM concentrations of deoxynucleoside triphosphates [each], 0.06 U of Platinum
Taq/�l, 1� Sybr green). The specificity of each primer pair was analyzed by
determining the melting curves for each PCR product. Samples were analyzed in
duplicate, and relative copy numbers were determined by comparison with a
standard curve generated by a 10-fold dilution series of pooled input samples.

As detailed in Results, we found that HSV infection reduces histone occu-
pancy at the cellular GAPDH (glyceraldehyde-3-phosphate dehydrogenase) lo-
cus, a result that precluded using GAPDH as an internal control for experiment-
to-experiment variation. Therefore, in order to obtain independent replicates
that minimize variation due to use of different batches of reagents or changes in
condition of the sonicator probe, we routinely performed three independent
replicates of each experiment over the course of 1 week.

Northern blotting. Cells were grown to confluence in 60-mm dishes and in-
fected exactly as described above for ChIP experiments. After the indicated
times, total RNA was harvested with TRIzol (Invitrogen) and prepared by using
standard procedures. Then, 10 �g of RNA was run on a denaturing agarose gel,
blotted, and probed for the ICP27 transcript. Blots were then stripped and
reprobed for TK and VP16.

RESULTS

Gene expression profiles of n212 and V422 infection in HeLa
and U2OS cells. Previous studies documenting the roles of
VP16 and ICP0 in the regulation of HSV genome chromati-
nization were conducted in HeLa cells (8, 32, 46). We sought
to examine the effects of VP16 and ICP0 on genome chroma-
tinization in U2OS cells, which “complement” the growth de-
fect of HSV ICP0 and VP16 mutants (55, 66, 75). In order to
provide a basis for assessing the functional significance of any
such effects, we first compared the consequences of inactivat-
ing ICP0 and VP16 on viral gene expression in U2OS and
HeLa cells. To this end, we monitored the accumulation of
mRNAs derived from the viral ICP27 (IE), TK (early), and
VP16 (leaky-late) genes after infection of U2OS and HeLa
cells with 1 PFU/cell of wild-type KOS, the ICP0 mutant n212,
and the VP16 AD mutant V422 (Fig. 1). Viral DNA replica-
tion was blocked by the addition of the viral DNA polymerase
inhibitor PAA at the time of infection in order to restrict the
analysis to expression from input viral genomes.

In HeLa cells, ICP27 mRNA accumulated between 3 and 6
hpi with both KOS and n212, whereas virtually no ICP27

FIG. 1. Gene expression profiles of KOS, n212, and V422 in HeLa
and U2OS cells. HeLa and U2OS cells were infected with the indicated
viruses in the presence of PAA as described in Materials and Methods.
Total RNA was harvested after the indicated lengths of time and
subjected to Northern blot analysis using probes for ICP27, TK, and
VP16.

TABLE 1. Real-time PCR primersa

Gene region Orientation Primer sequence (5�–3�)

GAPDH gene body F ACTAGGCGCTCACTGTTCTCTCCCT
R AACTCACCCGTTGACTCCGACCTT

U3 promoter F GCGCACCACACCAGGAGCAAACA
R AGCATAATACTGAATGACAGCCAA

TCACAAACT
hsSat3 F CAATCATCCAACGGAAGCTAATGG

AATCAACA
R TCCATTCGATGACGAGTCCATCCA

TTTCAA
ICP27 TSS F CACCACCAGAGGCCATATCCGACA

R AGCATATCAATGTCAGTCGCCATG
ACCG

ICP27 ORF F TGTGCGGCCTGGACGAACTGTGTT
R TGGCCAGAATGACAAACACGAAG

GATGC
TK promoter F CCACACGCGTCACCTTAATATG

CGAA
R ATTGGCGAATTCGAACACGCAGAT

GCAG
VP16 promoter F TCGGATTGGGAAACAAAGGCAC

GCAA
R TCCGTACCCAGACAATAAAGCACC

AACAGG

a F, forward; R, reverse.
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mRNA was detected over the 12-h time course with V422 (Fig.
1A). n212 displayed wild-type levels of ICP27 mRNA, but TK
and VP16 transcripts accumulated with delayed kinetics and to
lower levels. The results with TK mRNA are similar to the
previous findings of Jordan and Schaffer (36), who examined
accumulation of viral mRNAs during n212 infection of Vero
cells (ICP27 and VP16 mRNA were not examined in that
study). In contrast, TK and VP16 mRNA could not be detected
during infection with V422. Thus, both mutants exhibit a re-
stricted gene expression profile in HeLa cells, with V422 dis-
playing a much more severe defect.

As expected, U2OS cells supported much higher levels of
viral gene expression than HeLa cells after infection with n212
and V422 (Fig. 1B). However, significant defects relative to
wild-type KOS were nevertheless observed. For example,
abundant ICP27 mRNA was present by 3 hpi with KOS, but
accumulation of the transcript was delayed with n212 and
V422, and the levels were significantly reduced at all time
points with V422 (Fig. 1B). Similarly, accumulation of TK and
VP16 mRNAs was delayed and reduced with both mutants.
Overall, these data indicate that V422 is somewhat more im-
paired than n212 in this cell type, as assayed by gene expression
in the presence of PAA.

Histone H3 occupancy on the n212 and V422 genomes in
HeLa and U2OS cells. We previously suggested that the reces-
sive defect that renders U2OS cells permissive to VP16 and
ICP0 mutants might inactivate a chromatin assembly pathway
that represses incoming viral genomes in other cell types (28).
To test this hypothesis, we used ChIP assays to monitor the
loading and acetylation of histone H3 on viral genomes in
HeLa and U2OS cells infected with wild-type KOS, n212 and
V422. All experiments were performed in the presence of PAA
to restrict the analysis to input viral genomes. In addition, the
n212 and V422 input multiplicities were adjusted to deliver the
same amount of input viral DNA (measured at 3 hpi) as is
achieved with 1 PFU/cell of wild-type KOS (Materials and
Methods). In no case did this adjustment alter the MOI by
�25%.

We first monitored histone H3 levels at the transcriptional
start site (TSS) of the IE ICP27 gene (Fig. 2A). In HeLa cells
infected with wild-type KOS, histone H3 levels rose between 1
and 3 hpi and then declined by 6 hpi; in contrast, H3 continued
to accumulate on the n212 and V422 genomes, leading to
significantly higher levels than on the KOS genome by 6 hpi, a
finding consistent with previous reports (8, 32, 46). U2OS cells
displayed a very different pattern: H3 levels remained low on
the KOS and n212 genomes over the entire time course, while
H3 accumulated on the V422 genome (Fig. 2A). These results
indicate that the AD of VP16 is required to reduce histone
occupancy on the ICP27 TSS in both HeLa and U2OS cells,
whereas ICP0 is dispensable in U2OS cells. In addition, the
accumulation of high levels of histone H3 on the V422 genome
in U2OS cells documents that these cells are competent to
assemble histones onto incoming viral genomes. Of note, we
consistently observed a higher apparent histone H3 load at the
ICP27 TSS in U2OS cells than in HeLa cells, an effect that was
also observed at other loci in the HSV genome (Fig. 2B and C).
A similar difference in apparent H3 load between HeLa and
U2OS cells was also observed at several loci in the cellular

genome (data not shown) and thus is not specific to HSV
DNA. The basis for this difference remains to be determined.

We next tested whether the increase in histone occupancy at
the ICP27 TSS observed with n212 and V422 in HeLa cells,
and with V422 in U2OS cells, also occurs at other regions of
the viral genome. In HeLa cells, enhanced histone H3 levels
were observed at the TK and VP16 promoters with both mu-
tants (Fig. 2B and C), data that are in accord with recent
reports documenting that H3 levels are increased at multiple
gene loci, including early and late genes, when either VP16 or
ICP0 is inactivated (8, 46). Similarly, in U2OS cells, n212 and
V422 displayed low and high histone H3 levels, respectively, at
all three loci. Thus, the effects of VP16 and ICP0 on histone
occupancy are not restricted to IE genes in either cell type.

VP16 is required for enhanced acetylation of histone H3
bound to the viral genome in U2OS cells, whereas ICP0 is
dispensable. Cliffe and Knipe demonstrated that the histone
H3 bound to the genome of an HSV-1 ICP0-null mutant dis-
plays lower levels of acetylation than that bound to the corre-
sponding marker rescue virus during low-MOI infection of
HeLa cells, suggesting that ICP0 plays an important role in
stimulating histone acetylation in this cell type (8). In addition,
Herrera and Triezenberg documented that VP16 stimulates
acetylation of histones bound to viral DNA in HeLa cells (32).
We therefore sought to determine whether ICP0 and/or VP16
are required for enhanced histone acetylation in permissive
U2OS cells.

HeLa and U2OS cells were infected with KOS, n212, or
V422 for 6 and 9 h and then harvested for ChIP. Sonicated
lysates were divided, and immunoprecipitations were per-
formed with the total histone H3 and acetyl-H3 antibodies in
parallel. The quantity of acetylated histones immunoprecipi-
tated from each sample was then normalized to the amount of
immunoprecipitated total histone H3. In HeLa cells the levels
of acetylated histone H3 were significantly higher on the KOS
genome than on n212 or V422 at 6 and 9 hpi for all regions of
the viral genome tested (Fig. 3A), confirming previous reports
(8, 32). Similar results were observed at 3 hpi (see Fig. S1 in the
supplemental material). In contrast, in U2OS cells histone H3
acetylation levels were high for both KOS and n212, but acet-
ylation remained low on the V422 genome (Fig. 3b and see Fig.
S1 in the supplemental material). These trends were observed
at all regions of the viral genome tested (Fig. 3). In the series
of experiments depicted in Fig. 3, n212 displayed somewhat
higher levels of histone acetylation than KOS. However, this
difference was not statistically significant except for the VP16
promoter at 6 hpi, and it was not observed in an independent
series of experiments conducted several months later (see Fig.
S1 in the supplemental material). These observations indicate
that in U2OS cells, histone H3 acetylation requires the activa-
tion function of VP16 but does not require the action of ICP0.

Effects of viral infection on histone H3 levels on the cellular
genome. During the course of the experiments described
above, we also measured histone H3 levels associated with the
transcribed body of the cellular GAPDH gene, with the inten-
tion of using this value as an internal control to correct for
differences in cross-linking and immunoprecipitation efficien-
cies between experiments. However, the results demonstrated
that the histone H3 levels on the GAPDH gene significantly
decrease during wild-type HSV infection, in both HeLa and
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U2OS cells (the data obtained in U2OS cells are shown in Fig.
4A). A similar decrease in histone occupancy was noted after
infection with n212 but not after infection with V422 (Fig. 4A).
These results were initially surprising, because no such histone
depletion has been observed in similar experiments using an-
other set of GAPDH real-time PCR primers at either a low (8)
or a high (K. Bryant and D. Knipe, unpublished data) MOI.
However, we have recently become aware that the primers
used in those studies are specific for one or more GAPDH
processed pseudogenes and generate an amplimer of a size
consistent with sequences from a pseudogene (A. Cliffe and D.
Knipe, unpublished results). In contrast, the primers used in
the present report include intron sequences and therefore spe-
cifically detect the functional GAPDH gene.

To test whether this effect is specific to GAPDH, we also
assessed histone occupancy at the promoter for the cellular U3
snoRNA gene (Fig. 4B) and the pericentric satellite sequence
Sat3 (Fig. 4C). A significant decrease in histone occupancy was

observed at the U3 promoter during KOS and n212 infection,
although no change was detected at the Sat3 region with any
virus. Collectively, these data raise the possibility that histone
depletion is limited to actively transcribed cellular loci.

To determine whether protein synthesis is required for
the observed decreases in histone occupancy, ChIP experi-
ments were performed in U2OS cells infected with KOS,
n212 and V422 for 6 h in the presence or absence of cyclo-
heximide. Cycloheximide treatment increased histone oc-
cupancy on the GAPDH gene in cell infected with KOS and
n212, whereas histone H3 levels remained high with V422
(Fig. 4D). Similar results were obtained in HeLa cells (data
not shown).

These results indicate that HSV infection depletes histone
H3 from specific regions of the cellular genome and that this
process does not require ICP0. Whether this effect represents
a cellular response to infection or a specific effect of one or
more viral proteins has not yet been determined.

FIG. 2. Histone H3 occupancy on KOS, n212, and V422 genomes in HeLa and U2OS cells. HeLa and U2OS cells were infected with the
indicated viruses in the presence of PAA as described in Materials and Methods. Cell lysates were prepared at 1, 3, and 6 hpi. The amount of
immunoprecipitated DNA from the ICP27 TSS (A), TK promoter (B), or VP16 promoter (C) was determined. Pooled data from three
independent experiments are presented. Samples with mean values that differed significantly (P � 0.05, paired Student t test) are indicated (*).
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DISCUSSION

Previous studies have shown that HSV-1 mutants lacking the
activation functions of VP16 or ICP0 accumulate high levels of
underacetylated histones at multiple regions of the viral ge-
nome in HeLa cells (8, 22, 32, 46). One interpretation of the
data presented in those reports is that VP16 reduces histone
occupancy and enhances acetylation at IE regions, while ICP0
subsequently acts to produce the same effect over the rest of
the viral genome. The effects of VP16 and ICP0 on histone
occupancy and acetylation are consistent with the hypothesis
that these proteins stimulate viral gene expression at least in
part by countering the formation of a repressive chromatin
structure. However, as reviewed in the introduction, evidence
contrary to this hypothesis has recently been presented by
Kutluay et al. (45, 46). Given these observations, the role of

chromatin structure in regulating viral gene expression during
productive infections clearly requires further investigation.

As one means of exploring the role of histone loading and
acetylation in regulating viral gene expression, we examined these
processes in U2OS cells, which “complement” the growth defects
of both ICP0 and VP16 AD mutants (66, 75). This permissive
phenotype is recessive in somatic cell hybrids, indicating that
U2OS cells lack an antiviral mechanism that is critical for
limiting viral gene expression in restrictive cell types (28). If
ICP0 and/or VP16 function to stimulate viral gene expression
primarily by preventing the assembly of repressive chromatin
on the viral genome, then U2OS cells would likely display a
defect in this process. Consistent with this hypothesis, we
found that the ICP0 mutant n212 displays a chromatin pheno-
type similar to that of wild-type virus in U2OS cells: multiple

FIG. 3. Acetylated histone H3 on KOS, n212, and V422 genomes in HeLa and U2OS cells. HeLa and U2OS cells were infected with the viruses
in the presence of PAA as described in Materials and Methods. Cell lysates were prepared at 6 and 9 hpi. The proportion of acetylated histone
H3 associated with ICP27 TSS (A), TK promoter (B), and VP16 promoter (C) viral DNA was determined as the fraction of DNA associated with
acetylated H3 normalized to the fraction of DNA associated with total histone H3. Pooled data from three independent experiments are presented.
Samples with mean values that differed significantly (P � 0.05, paired Student t test) are indicated (*).
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regions of the genome were associated with low levels of highly
acetylated histone H3. Thus, ICP0 is not required to reduce
histone occupancy and enhance histone acetylation on the viral
genome in this cell line, a finding that is in keeping with the
idea that these cells lack a chromatin-based repression mech-
anism that is targeted by ICP0. However, the VP16 AD mutant
V422 behaved very differently: its genome was loaded with
high levels of underacetylated histones, just as it is in HeLa
cells. This result indicates that U2OS cells are competent to
load underacetylated histones onto viral DNA and leads to the
surprising conclusion that the VP16 AD acts, either directly or
indirectly, to reduce histone occupancy and enhance histone
acetylation at multiple regions of the viral genome, in a process
that does not require ICP0.

How does the VP16 AD reduce histone occupancy and enhance
acetylation on early and late genes? Kutluay and Triezenberg
(46) suggested that the accumulation of high levels of under-
acetylated histones on VP16 mutant genomes is a consequence
of reduced transcription, rather than loss of VP16 function
per se. However, V422 and n212 accumulate TK and VP16
mRNAs with roughly similar kinetics in U2OS cells (Fig. 1)
and yet display very different patterns of histone loading and
acetylation (Fig. 2 and 3), arguing that reduced transcription is
not the cause of the increased histone occupancy at the TK and
VP16 loci of V422.

Similarly, the increase is probably not due to the failure to
express a downstream viral protein, since V422 replicates quite

efficiently in U2OS cells (55, 66), indicating that most or all
viral genes are eventually expressed in these cells.

These considerations suggest that VP16 likely acts directly
(either on its own or in concert with other viral proteins) to
reduce histone loading and enhance histone acetylation at mul-
tiple regions of the genome. For example, the VP16 AD might
bind and sequester one or more key proteins required for
efficient accumulation of underacetylated histones on the viral
genome (such as an HDAC or a specialized histone chaper-
one), or it might actively recruit HATs to multiple regions of
the viral genome, in addition to acting specifically at IE pro-
moters. Further studies are required to test this hypothesis.

What is the primary defect in U2OS cells? Our data argue
that ICP0 and VP16 are both required to reduce histone oc-
cupancy and enhance acetylation at multiple loci on the viral
genome in restrictive HeLa cells. The requirement for ICP0 is
relieved in permissive U2OS cells, but the requirement for
VP16 is maintained. These findings provide strong evidence
that ICP0 and VP16 achieve their effects on viral chromatin
structure though separate pathways. One model to account for
these findings is that two independent chromatin assembly
pathways are capable of loading high levels of underacetylated
histone onto the viral genome. One of these is inactivated by
ICP0, whereas the other is modulated by VP16. Under this
scenario, U2OS cells lack the pathway targeted by ICP0 but
retain the pathway that is targeted by VP16.

It is tempting to speculate that the chromatin assembly path-

FIG. 4. Effects of HSV infection on histone H3 occupancy at selected regions of the cellular genome. U2OS cells were infected with KOS, n212,
or V422 or else mock infected in the presence of PAA as described in Materials and Methods. Cell lysates were prepared at 6 hpi. The amount
of immunoprecipitated DNA associated with the GAPDH gene (A), U3 promoter (B), or Sat3 sequence (C) was determined. (D) Infections at
6 h were also performed in the presence of cycloheximide, and the amount of GAPDH DNA immunoprecipitated was determined. Samples with
mean values that differed significantly (P � 0.05, paired Student t test) are indicated (*). The data displayed in panels A to C were pooled from
three independent experiments performed over the course of approximately 1 week; the data displayed in panel D were pooled from a separate
set of three independent experiments performed approximately 1 month later.
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way targeted by ICP0 is linked to the well-documented ND10-
based antiviral repression system. One of the earliest cellular
responses to HSV infection is the mobilization of ND10 com-
ponents to the incoming viral genome (17, 21, 51, 67). A
critical role of ICP0 is to block the recruitment of ND10 com-
ponents to the incoming viral genome through the protea-
some-dependent degradation of SUMO-modified forms of
PML and Sp100 (2, 6, 16, 17, 19, 20). The ability of ICP0 to
cause degradation of ND10 components closely correlates with
its ability to stimulate viral gene expression and reactivate
quiescent genomes (20). Consistent with a link between ND10
components and chromatin assembly, the HIRA histone chap-
erone localizes to ND10 (76), and quiescent HSV genomes
bearing high levels of underacetylated histones (10, 22) are
surrounded by a shell of PML and other ND10 components
(18). However, it is important to note that HDAC inhibitors
such as trichostatin A are unable to fully replace ICP0 in
stimulating gene expression in restrictive human fibroblasts
(19), and the portion of ICP0 that interacts with CoREST and
causes the translocation of HDACs 1 and 2 to the cytoplasm is
not required for ICP0-induced activation of viral gene expres-
sion (20). Thus, the underacetylated histones that accumulate
on the viral genome in the absence of ICP0 may not be directly
responsible for primary genome repression. Perhaps loading of
underacetylated histones is linked to, but downstream of, the
ND10-based genome detection and primary repression system.
Consistent with this interpretation, increased chromatinization
of the n212 genome was most evident at 6 hpi in our experi-
ments (Fig. 2), but genome repression has been detected in
fluorescence-based assays at much earlier times in other cell
types (15). Thus, it is possible that U2OS are defective in the
ND10-based detection system, rather than in histone acetyla-
tion and removal per se. Further studies are required to test
this hypothesis.

If, as argued above, two pathways exist to load high levels of
underacetylated histone onto the viral genome, then two key
questions arise. First, are the two pathways linked to function-
ally distinct outcomes? Second, what factors control which
pathway predominates in cells where both are potentially op-
erative? Further studies are required to address these ques-
tions.

Increased levels of underacetylated histone H3 on the viral
genome do not preclude viral gene expression. Our data dem-
onstrate that viral gene expression profiles do not always
strictly correlate with the load and acetylation status of histone
H3 on the viral genome. For example, in HeLa cells both n212
and V422 display higher levels of underacetylated histone H3
than wild-type virus at all loci tested (Fig. 2 and 3), but n212
expresses high levels of ICP27 mRNA, whereas V422 is essen-
tially silent (Fig. 1). Similarly, V422 displays an increased load
of underacetylated histone H3 in U2OS cells, where significant
viral gene expression is observed. These data indicate that the
increased levels of underacetylated histones that accumulate
on the viral genome in the absence of ICP0 and/or the VP16
AD do not present an insuperable barrier to viral gene expres-
sion. Kutluay and Triezenberg recently reached the same con-
clusion (46). Although it might be argued that only a small pool
of unchromatinized viral genomes are actively transcribed,
Kutluay and Triezenberg’s data demonstrate that RNA poly-
merase II and the histones H3 and H2A co-occupy the same

DNA templates, suggesting that at least some of the tran-
scribed RNA comes from highly chromatinized and under-
acetylated genomes (46).

It is important to stress that the increased levels of histone
H3 found on the viral genome in U2OS cells in the absence of
VP16 activation function are similar to, or lower than, the
histone density at two actively transcribed cellular genes (com-
pare Fig. 2 and 4) and thus clearly do not by themselves
preclude transcription. What is surprising is that histone acet-
ylation does not appear to be required for viral gene expres-
sion. On the cellular genome, histone acetylation levels are
generally high at promoters of actively transcribed cellular
genes and are thought to recruit chromatin remodelers which
stimulate transcription (23, 31, 37). In contrast, although the
VP16 AD recruits HATs and chromatin remodeling complexes
to viral IE promoters (32), these factors are not required for
efficient IE transcription during productive infection (45). It is
currently unknown why VP16 recruits HATs and remodeling
complexes to IE promoters; perhaps these factors are impor-
tant during VP16-mediated reactivation from latency (71).

Effects of HSV infection on cellular chromatin structure.
Our finding that HSV infection results in a reduced histone H3
load on portions of the cellular GAPDH and U3 genes indi-
cates that HSV gene products can affect chromatin structure
on at least some cellular genes, much as they do on the viral
genome. HSV affects a wide variety of cellular processes, such
as inhibiting host gene transcription; however, these results are
the first to show that cellular chromatin can also be affected.
The mechanisms involved have yet to be defined. Although
ICP0 is not required, newly synthesized viral (or cellular) pro-
teins are needed. It has previously been demonstrated that the
linker histone H1 is mobilized upon HSV infection in a manner
dependent on IE or E gene expression (11). One possible
interpretation of these results is that histones are mobilized
away from cellular chromatin and onto the incoming viral
genomes, although this has not been directly demonstrated.
The histone variant H3.3 becomes associated with the viral
genome at early times postinfection using a mechanism involv-
ing the DNA replication-independent histone chaperone
HIRA (59). It is not clear whether HIRA draws from H3.3
bound to the cellular genome, but cycloheximide treatment
increases histone occupancy on the viral genome in HeLa cells
(46), suggesting that new synthesis of histone H3.3 is likely not
required.

Our results also have implications for the choice of internal
control sequences for ChIP experiments conducted on HSV-
infected cells. An internal control sequence is routinely used in
these protocols to control for variability in the efficiency of
chromatin immunoprecipitation between experiments. In HSV
studies, this has often been a cellular gene sequence. The
results presented here document that the specific regions of
the GAPDH and U3 genes detected by the primers used in the
present study cannot be used as normalization controls. How-
ever, no change in histone H3 load was observed with the Sat3
sequences and, as noted above in other studies (8), we have not
observed a change in histone occupancy on cellular sequences
in a GAPDH processed pseudogene. Therefore, certain se-
quences such as those detected with primers for the Sat3 se-
quences or the GAPDH pseudogene provide good internal
controls for normalization of ChIP efficiency in different sam-
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ples. These results argue that care must be taken in the choice
of the host genomic sequences used for normalization in ChIP
studies involving HSV infection. In any case, it will be inter-
esting to determine whether HSV depletes histones only from
actively transcribed cellular genes as part of its lytic replication
process.

ACKNOWLEDGMENTS

We thank Holly Saffran and Rob Maranchuk for technical assistance
and Priscilla Schaffer for providing the n212 mutant.

This research was supported by operating grants FRN 12172 from
the Canadian Institutes of Health Research (J.R.S.), and PO1 NS
535113 from the National Institutes of Health (D.M.K.). M.H.H. was
supported by studentships from the National Science and Engineering
Research Council and the Alberta Heritage Foundation for Medical
Research, and J.R.S. holds a Canada Research Chair in Molecular
Virology.

REFERENCES

1. Ace, C. I., T. A. McKee, J. M. Ryan, J. M. Cameron, and C. M. Preston. 1989.
Construction and characterization of a herpes simplex virus type 1 mutant
unable to transinduce immediate-early gene expression. J. Virol. 63:2260–
2269.

2. Boutell, C., A. Orr, and R. D. Everett. 2003. PML residue lysine 160 is
required for the degradation of PML induced by herpes simplex virus type 1
regulatory protein ICP0. J. Virol. 77:8686–8694.

3. Cai, W., T. L. Astor, L. M. Liptak, C. Cho, D. M. Coen, and P. A. Schaffer.
1993. The herpes simplex virus type 1 regulatory protein ICP0 enhances virus
replication during acute infection and reactivation from latency. J. Virol.
67:7501–7512.

4. Cai, W., and P. A. Schaffer. 1992. Herpes simplex virus type 1 ICP0 regulates
expression of immediate-early, early, and late genes in productively infected
cells. J. Virol. 66:2904–2915.

5. Cai, W. Z., and P. A. Schaffer. 1989. Herpes simplex virus type 1 ICP0 plays
a critical role in the de novo synthesis of infectious virus following transfec-
tion of viral DNA. J. Virol. 63:4579–4589.

6. Chelbi-Alix, M. K., and H. de The. 1999. Herpesvirus induced proteasome-
dependent degradation of the nuclear bodies-associated PML and Sp100
proteins. Oncogene 18:935–941.

7. Cliffe, A. R., D. A. Garber, and D. M. Knipe. 2009. Transcription of the
herpes simplex virus latency-associated transcript promotes the formation of
facultative heterochromatin on lytic promoters. J. Virol. 83:8182–8190.

8. Cliffe, A. R., and D. M. Knipe. 2008. Herpes simplex virus ICP0 promotes
both histone removal and acetylation on viral DNA during lytic infection.
J. Virol. 82:12030–12038.

9. Cohen, G. H., M. Ponce de Leon, H. Diggelmann, W. C. Lawrence, S. K.
Vernon, and R. J. Eisenberg. 1980. Structural analysis of the capsid polypep-
tides of herpes simplex virus types 1 and 2. J. Virol. 34:521–531.

10. Coleman, H. M., V. Connor, Z. S. Cheng, F. Grey, C. M. Preston, and S.
Efstathiou. 2008. Histone modifications associated with herpes simplex virus
type 1 genomes during quiescence and following ICP0-mediated de-repres-
sion. J. Gen. Virol. 89:68–77.

11. Conn, K. L., M. J. Hendzel, and L. M. Schang. 2008. Linker histones are
mobilized during infection with herpes simplex virus type 1. J. Virol. 82:
8629–8646.

12. Deshmane, S. L., and N. W. Fraser. 1989. During latency, herpes simplex
virus type 1 DNA is associated with nucleosomes in a chromatin structure.
J. Virol. 63:943–947.

13. Everett, R. D. 1985. Activation of cellular promoters during herpesvirus
infection of biochemically transformed cells. EMBO J. 4:1973–1980.

14. Everett, R. D. 1989. Construction and characterization of herpes simplex
virus type 1 mutants with defined lesions in immediate-early gene 1. J. Gen.
Virol. 70(Pt. 5):1185–1202.

15. Everett, R. D., C. Boutell, and A. Orr. 2004. Phenotype of a herpes simplex
virus type 1 mutant that fails to express immediate-early regulatory protein
ICP0. J. Virol. 78:1763–1774.

16. Everett, R. D., P. Freemont, H. Saitoh, M. Dasso, A. Orr, M. Kathoria, and
J. Parkinson. 1998. The disruption of ND10 during herpes simplex virus
infection correlates with the Vmw110- and proteasome-dependent loss of
several PML isoforms. J. Virol. 72:6581–6591.

17. Everett, R. D., and J. Murray. 2005. ND10 components relocate to sites
associated with herpes simplex virus type 1 nucleoprotein complexes during
virus infection. J. Virol. 79:5078–5089.

18. Everett, R. D., J. Murray, A. Orr, and C. M. Preston. 2007. Herpes simplex
virus type 1 genomes are associated with ND10 nuclear substructures in
quiescently infected human fibroblasts. J. Virol. 81:10991–11004.

19. Everett, R. D., C. Parada, P. Gripon, H. Sirma, and A. Orr. 2008. Replication

of ICP0-null mutant herpes simplex virus type 1 is restricted by both PML
and Sp100. J. Virol. 82:2661–2672.

20. Everett, R. D., M. L. Parsy, and A. Orr. 2009. Analysis of the functions of
herpes simplex virus type 1 regulatory protein ICP0 that are critical for lytic
infection and derepression of quiescent viral genomes. J. Virol. 83:4963–
4977.

21. Everett, R. D., G. Sourvinos, C. Leiper, J. B. Clements, and A. Orr. 2004.
Formation of nuclear foci of the herpes simplex virus type 1 regulatory
protein ICP4 at early times of infection: localization, dynamics, recruitment
of ICP27, and evidence for the de novo induction of ND10-like complexes.
J. Virol. 78:1903–1917.

22. Ferenczy, M. W., and N. A. Deluca. 2009. Epigenetic modulation of gene
expression from quiescent HSV genomes. J. Virol. 83:8514–8524.

23. Garcia-Ramirez, M., C. Rocchini, and J. Ausio. 1995. Modulation of chro-
matin folding by histone acetylation. J. Biol. Chem. 270:17923–17928.

24. Gelman, I. H., and S. Silverstein. 1985. Identification of immediate-early
genes from herpes simplex virus that transactivate the virus thymidine kinase
gene. Proc. Natl. Acad. Sci. U. S. A. 82:5265–5269.

25. Gibson, W., and B. Roizman. 1971. Compartmentalization of spermine and
spermidine in the herpes simplex virion. Proc. Natl. Acad. Sci. U. S. A.
68:2818–2821.

26. Gu, H., Y. Liang, G. Mandel, and B. Roizman. 2005. Components of the
REST/CoREST/histone deacetylase repressor complex are disrupted, mod-
ified, and translocated in HSV-1-infected cells. Proc. Natl. Acad. Sci. U. S. A.
102:7571–7576.

27. Gu, H., and B. Roizman. 2007. Herpes simplex virus-infected cell protein 0
blocks the silencing of viral DNA by dissociating histone deacetylases from
the CoREST-REST complex. Proc. Natl. Acad. Sci. U. S. A. 104:17134–
17139.

28. Hancock, M. H., J. A. Corcoran, and J. R. Smiley. 2006. Herpes simplex virus
regulatory proteins VP16 and ICP0 counteract an innate intranuclear barrier
to viral gene expression. Virology 352:237–252.

29. Harris, R. A., R. D. Everett, X. X. Zhu, S. Silverstein, and C. M. Preston.
1989. Herpes simplex virus type 1 immediate-early protein Vmw110 reacti-
vates latent herpes simplex virus type 2 in an in vitro latency system. J. Virol.
63:3513–3515.

30. Harris, R. A., and C. M. Preston. 1991. Establishment of latency in vitro by
the herpes simplex virus type 1 mutant in1814. J. Gen. Virol. 72(Pt. 4):907–
913.

31. Hassan, A. H., P. Prochasson, K. E. Neely, S. C. Galasinski, M. Chandy,
M. J. Carrozza, and J. L. Workman. 2002. Function and selectivity of bro-
modomains in anchoring chromatin-modifying complexes to promoter nu-
cleosomes. Cell 111:369–379.

32. Herrera, F. J., and S. J. Triezenberg. 2004. VP16-dependent association of
chromatin-modifying coactivators and underrepresentation of histones at
immediate-early gene promoters during herpes simplex virus infection. J. Vi-
rol. 78:9689–9696.

33. Huang, J., J. R. Kent, B. Placek, K. A. Whelan, C. M. Hollow, P. Y. Zeng,
N. W. Fraser, and S. L. Berger. 2006. Trimethylation of histone H3 lysine 4
by Set1 in the lytic infection of human herpes simplex virus 1. J. Virol.
80:5740–5746.

34. Jamieson, D. R., L. H. Robinson, J. I. Daksis, M. J. Nicholl, and C. M.
Preston. 1995. Quiescent viral genomes in human fibroblasts after infection
with herpes simplex virus type 1 Vmw65 mutants. J. Gen. Virol. 76(Pt.
6):1417–1431.

35. Jenuwein, T., and C. D. Allis. 2001. Translating the histone code. Science
293:1074–1080.

36. Jordan, R., and P. A. Schaffer. 1997. Activation of gene expression by herpes
simplex virus type 1 ICP0 occurs at the level of mRNA synthesis. J. Virol.
71:6850–6862.

37. Kasten, M., H. Szerlong, H. Erdjument-Bromage, P. Tempst, M. Werner,
and B. R. Cairns. 2004. Tandem bromodomains in the chromatin remodeler
RSC recognize acetylated histone H3 Lys14. EMBO J. 23:1348–1359.

38. Kent, J. R., P. Y. Zeng, D. Atanasiu, J. Gardner, N. W. Fraser, and S. L.
Berger. 2004. During lytic infection herpes simplex virus type 1 is associated
with histones bearing modifications that correlate with active transcription.
J. Virol. 78:10178–10186.

39. Klemm, R. D., J. A. Goodrich, S. Zhou, and R. Tjian. 1995. Molecular
cloning and expression of the 32-kDa subunit of human TFIID reveals
interactions with VP16 and TFIIB that mediate transcriptional activation.
Proc. Natl. Acad. Sci. U. S. A. 92:5788–5792.

40. Knipe, D. M., and A. Cliffe. 2008. Chromatin control of herpes simplex virus
lytic and latent infection. Nat. Rev. Microbiol. 6:211–221.

41. Kobayashi, N., P. J. Horn, S. M. Sullivan, S. J. Triezenberg, T. G. Boyer, and
A. J. Berk. 1998. DA-complex assembly activity required for VP16C tran-
scriptional activation. Mol. Cell. Biol. 18:4023–4031.

42. Kouzarides, T. 2007. Chromatin modifications and their function. Cell 128:
693–705.

43. Kubat, N. J., A. L. Amelio, N. V. Giordani, and D. C. Bloom. 2004. The
herpes simplex virus type 1 latency-associated transcript (LAT) enhancer/rcr
is hyperacetylated during latency independently of LAT transcription. J. Vi-
rol. 78:12508–12518.

1374 HANCOCK ET AL. J. VIROL.



44. Kubat, N. J., R. K. Tran, P. McAnany, and D. C. Bloom. 2004. Specific
histone tail modification and not DNA methylation is a determinant of
herpes simplex virus type 1 latent gene expression. J. Virol. 78:1139–1149.

45. Kutluay, S. B., S. L. DeVos, J. E. Klomp, and S. J. Triezenberg. 2009.
Transcriptional coactivators are not required for herpes simplex virus type 1
immediate-early gene expression in vitro. J. Virol. 83:3436–3449.

46. Kutluay, S. B., and S. J. Triezenberg. 2009. Regulation of histone deposition
on the herpes simplex virus type 1 genome during lytic infection. J. Virol.
83:5835–5845.

47. Kutluay, S. B., and S. J. Triezenberg. 2009. Role of chromatin during her-
pesvirus infections. Biochim. Biophys. Acta 1790:456–466.

48. Kwiatkowski, D. L., H. W. Thompson, and D. C. Bloom. 2009. Polycomb
group protein Bmi1 binds to the HSV-1 latent genome and maintains re-
pressive histone marks during latency. J. Virol. 83:8173–8181.

49. Leinbach, S. S., and W. C. Summers. 1980. The structure of herpes simplex
virus type 1 DNA as probed by micrococcal nuclease digestion. J. Gen. Virol.
51:45–59.

50. Lomonte, P., J. Thomas, P. Texier, C. Caron, S. Khochbin, and A. L. Epstein.
2004. Functional interaction between class II histone deacetylases and ICP0
of herpes simplex virus type 1. J. Virol. 78:6744–6757.

51. Maul, G. G., A. M. Ishov, and R. D. Everett. 1996. Nuclear domain 10 as
preexisting potential replication start sites of herpes simplex virus type-1.
Virology 217:67–75.

52. Memedula, S., and A. S. Belmont. 2003. Sequential recruitment of HAT and
SWI/SNF components to condensed chromatin by VP16. Curr. Biol. 13:241–
246.

53. Minaker, R. L., K. L. Mossman, and J. R. Smiley. 2005. Functional inacces-
sibility of quiescent herpes simplex virus genomes. Virol. J. 2:85.

54. Mittler, G., T. Stuhler, L. Santolin, T. Uhlmann, E. Kremmer, F. Lottspeich,
L. Berti, and M. Meisterernst. 2003. A novel docking site on Mediator is
critical for activation by VP16 in mammalian cells. EMBO J. 22:6494–6504.

55. Mossman, K. L., and J. R. Smiley. 1999. Truncation of the C-terminal acidic
transcriptional activation domain of herpes simplex virus VP16 renders ex-
pression of the immediate-early genes almost entirely dependent on ICP0.
J. Virol. 73:9726–9733.

56. Muggeridge, M. I., and N. W. Fraser. 1986. Chromosomal organization of
the herpes simplex virus genome during acute infection of the mouse central
nervous system. J. Virol. 59:764–767.

57. O’Hare, P., and G. S. Hayward. 1985. Three trans-acting regulatory proteins
of herpes simplex virus modulate immediate-early gene expression in a
pathway involving positive and negative feedback regulation. J. Virol. 56:
723–733.

58. Pignatti, P. F., and E. Cassai. 1980. Analysis of herpes simplex virus nucleo-
protein complexes extracted from infected cells. J. Virol. 36:816–828.

59. Placek, B. J., J. Huang, J. R. Kent, J. Dorsey, L. Rice, N. W. Fraser, and S. L.
Berger. 2009. The histone variant H3.3 regulates gene expression during lytic
infection with herpes simplex virus type 1. J. Virol. 83:1416–1421.

60. Preston, C. M. 2000. Repression of viral transcription during herpes simplex
virus latency. J. Gen. Virol. 81:1–19.

61. Preston, C. M., and M. J. Nicholl. 1997. Repression of gene expression upon
infection of cells with herpes simplex virus type 1 mutants impaired for
immediate-early protein synthesis. J. Virol. 71:7807–7813.

62. Quinlan, M. P., and D. M. Knipe. 1985. Stimulation of expression of a herpes
simplex virus DNA-binding protein by two viral functions. Mol. Cell. Biol.
5:957–963.

63. Russell, J., N. D. Stow, E. C. Stow, and C. M. Preston. 1987. Herpes simplex
virus genes involved in latency in vitro. J. Gen. Virol. 68(Pt. 12):3009–3018.

64. Saha, A., J. Wittmeyer, and B. R. Cairns. 2006. Chromatin remodeling: the
industrial revolution of DNA around histones. Nat. Rev. Mol. Cell. Biol.
7:437–447.

65. Samaniego, L. A., N. Wu, and N. A. DeLuca. 1997. The herpes simplex virus
immediate-early protein ICP0 affects transcription from the viral genome
and infected-cell survival in the absence of ICP4 and ICP27. J. Virol. 71:
4614–4625.

66. Smiley, J. R., and J. Duncan. 1997. Truncation of the C-terminal acidic
transcriptional activation domain of herpes simplex virus VP16 produces a
phenotype similar to that of the in1814 linker insertion mutation. J. Virol.
71:6191–6193.

67. Sourvinos, G., and R. D. Everett. 2002. Visualization of parental HSV-1
genomes and replication compartments in association with ND10 in live
infected cells. EMBO J. 21:4989–4997.

68. Spivack, J. G., and N. W. Fraser. 1987. Detection of herpes simplex virus
type 1 transcripts during latent infection in mice. J. Virol. 61:3841–3847.

69. Stevens, J. G., E. K. Wagner, G. B. Devi-Rao, M. L. Cook, and L. T. Feldman.
1987. RNA complementary to a herpesvirus alpha gene mRNA is prominent
in latently infected neurons. Science 235:1056–1059.

70. Stow, N. D., and E. C. Stow. 1986. Isolation and characterization of a herpes
simplex virus type 1 mutant containing a deletion within the gene encoding
the immediate-early polypeptide Vmw110. J. Gen. Virol. 67(Pt. 12):2571–
2585.

71. Thompson, R. L., C. M. Preston, and N. M. Sawtell. 2009. De novo synthesis
of VP16 coordinates the exit from HSV latency in vivo. PLoS Pathog.
5:e1000352.

72. Uesugi, M., O. Nyanguile, H. Lu, A. J. Levine, and G. L. Verdine. 1997.
Induced alpha helix in the VP16 activation domain upon binding to a human
TAF. Science 277:1310–1313.

73. Wang, Q. Y., C. Zhou, K. E. Johnson, R. C. Colgrove, D. M. Coen, and D. M.
Knipe. 2005. Herpesviral latency-associated transcript gene promotes assem-
bly of heterochromatin on viral lytic-gene promoters in latent infection. Proc.
Natl. Acad. Sci. U. S. A. 102:16055–16059.

74. Xiao, H., A. Pearson, B. Coulombe, R. Truant, S. Zhang, J. L. Regier, S. J.
Triezenberg, D. Reinberg, O. Flores, C. J. Ingles, et al. 1994. Binding of basal
transcription factor TFIIH to the acidic activation domains of VP16 and p53.
Mol. Cell. Biol. 14:7013–7024.

75. Yao, F., and P. A. Schaffer. 1995. An activity specified by the osteosarcoma
line U2OS can substitute functionally for ICP0, a major regulatory protein of
herpes simplex virus type 1. J. Virol. 69:6249–6258.

76. Zhang, R., M. V. Poustovoitov, X. Ye, H. A. Santos, W. Chen, S. M. Daganzo,
J. P. Erzberger, I. G. Serebriiskii, A. A. Canutescu, R. L. Dunbrack, J. R.
Pehrson, J. M. Berger, P. D. Kaufman, and P. D. Adams. 2005. Formation
of MacroH2A-containing senescence-associated heterochromatin foci and
senescence driven by ASF1a and HIRA. Dev. Cell 8:19–30.

VOL. 84, 2010 VP16 AND VIRAL CHROMATIN STRUCTURE IN U2OS CELLS 1375


